High sensitivity and selectivity of hearing require active cochlea. The cochlear sensory epithelium, the 8 organ of Corti, vibrates due to external and internal excitations. The external stimulation is acoustic 9
Introduction 34
The cochlea encodes sounds into neural signals according to frequency and amplitude. As sound waves 35 enter the cochlea through the middle ear bones, inter-scala pressure waves propagate from the base to 36 the apex of the cochlea (1). The traveling waves peak at different locations such that low frequency 37 waves propagate farther toward the apex than high frequency waves. As a result, a specific location of 38 the cochlea responds best to a specific frequency, called the tonotopy. Cochlear tonotopy is closely 39 related to the mechanical gradient along the cochlear length, which is dominated by the basilar 40 membrane (2, 3). The auditory epithelium, called the organ of Corti (OoC), sits on the basilar membrane 41 and is covered by the tectorial membrane to form the OoC complex. Relative motion (shear) between 42
the OoC and the tectorial membranes results in activation/inhibition of the mechano-receptive cells-43 the inner and the outer hair cells (4). The outer hair cells elongate or shrink as their transmembrane 44 potential changes (5). Vibrations of the OoC complex are then modulated by mechanical feedback from 45 the outer hair cells so that small sounds at best-frequency are amplified (6). As such, the outer hair cells 46 contribute to the key functions of the cochlea-tuning and amplification of sounds. 47
OoC vibrations are more complicated than it was thought prior to the finding of outer hair cell 48 electromotility. Classical understanding of OoC mechanotransduction is based on kinematics, treating 49
the OoC as a rigid body (7-9). The classical model explains how the stereocilia are deflected by the 50 relative motion between the OoC and the tectorial membrane. This mechanism of stereocilia deflection 51 underlies the foundation of theoretical models (10-14). The rigid body approximation, however, is being 52 relaxed as more experimental data are revealing complex relative motions among OoC fine structures. 53 For example, the top and the bottom surfaces of the OoC (often represented by the reticular lamina and 54 the basilar membrane) have been shown to vibrate with considerable phase difference. This relative 55 motion among OoC structures is dependent on the level and frequency of stimulation (15, 16) . Outer 56 hair cell electromotility affects the reticular lamina more than the basilar membrane (17) (18) (19) (20) . While 57 there is relatively good agreement that outer hair cell electromotility is essential for cochlear 58 amplification and tuning, how those functions are achieved remains controversial. For example, some 59 argue that cochlear amplification is achieved by longitudinal accumulation of energy (18, 21, 22) , while 60 others consider that cochlear amplification is essentially local (20) . While the outer hair cells are 61 considered to provide power for cochlear amplification, some researchers argue that the outer hair cells 62 rather attenuate intense sounds (23). 63
The subject of this study is the modulation of OoC vibration patterns due to outer hair cell motility. We 64 used excised cochlear tissues from young gerbils to investigate how OoC vibrations due to mechanical 65 and electrical stimulation interact. We captured the deformation of individual outer hair cells using 66 optical coherence tomography (OCT). Our results demonstrate that vibration patterns generated by the 67 two stimuli can either constructively or destructively interact. The consequences of these interactions 68 are discussed. 69
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Methods 70 Tissue preparation: Cochleas harvested from young Mongolian gerbils (two to five weeks old) were used 71 for experiments according to the institutional guidelines of the University Committee on Animal 72
Resources (UCAR) at the University of Rochester. Gerbils were deeply anesthetized with isoflurane after 73 which the cochlea was acutely isolated and placed in a petri dish containing: in mM, 145 Na-Gluconate, 74 7 NaCl, 3 KCl, 5 NaH 2 PO 4 , 0.1 MgCl 2 , 5 D-Glucose, 0.1 CaCl 2 , 5 HEPES. The acidity and the osmolarity of 75 solutions used in this study were adjusted to pH 7.35 and 300 mOsm, respectively. In the petri dish, the 76 cochlea was further reduced to a single cochlear turn. This study targeted 1-mm, mid-to-apical sections 77 centered at 8 mm from the basal end (red colored section in Fig. 1A ). Basal and apical turns were 78 removed using forceps and sharp blades. Bones between scalae were removed from both basal and 79 apical sides to expose the cochlear epithelium from the section of interest ( Fig. 1B ). Apical and basal 80 openings of the remaining cochlear coil were sealed using cyanoacrylate glue (orange colored in Fig. 1C  81 and D). The reduced cochlear turn was then transferred to a microfluidic chamber initially containing the 82 same perilymph-like solution. Cyanoacrylate sealant was applied along the circumference of the 83 cochlear turn (Fig. 1C ). Tissue preparation typical required 60 to 80 minutes. 84
Microfluidic chamber: Our microfluidic chamber was fabricated using a stereolithography printer (Moai,  85 Peopoly). Mechanical stimulation was delivered by vibrating an opening covered with elastic membrane 86 with a piezoelectric actuator (red arrow in Fig. 1C ). Another opening was provided for pressure release. 87 There was a pair of inlet-outlet ports to refresh the solution in the chamber (not shown). Electrical 88 stimulation across the OoC was applied through a pair of electrodes ( Fig. 1C and then under a laser interferometry system (MMA 300 system, Polytec). Measurement results from 108 the two vibrometry systems were compared. The difference between two measurement systems was 109 less than 5 percent within 0.1 to 20 kHz frequency range. Between 0.3 and 3 kHz, the root-mean-square 110 noise of OCT vibration measurements was 0.5 nm. Most experiment protocols ran a set of 111 measurements either at different scanning points (spatial sweep), at different frequencies (frequency 112 sweep), at different phases between stimulations (phase sweep), etc. To avoid potential artifacts due to 113 measurement sequence, the order of events was randomized. 114
Viability of tissue:
Per the purpose of this study, the viability of prepared tissue is most explicitly 115
represented with the level of outer hair cell electromotility. All presented data were obtained when the 116 outer hair cell electromotility was greater than 100 nm/mA. Besides electromotility, two morphological 117 features served as good indicators for the state of each preparation. First, the tectorial membrane 118 attachment to the OoC was particularly vulnerable to surgical or chemical insults. Therefore, a secure 119 intact attachment was a good indicator for a preparation's viability. Second, outer hair cell shape was 120 sensitive to incomplete separation between the two fluid compartments. In these instances, OoC 121 deformation due to swelling outer hair cells was evident within 10 minutes of artificial endolymph 122 application. We declared a proper seal when leakage between the two fluid-spaces was < 0.16 μL/min at 123 slit pressures of 20 Pa (Marnell et al., 2018). When these two conditions were positive at early stages, 124 the electromotility stayed near or above 10 nm per 100 µA current for over 180 minutes post cochlear 125 isolation. All presented data were obtained when: 1) the tectorial membrane was attached to the OoC; 126 Page 6 of 22 10/4/2019 2) leakage between two fluid spaces was negligible; and 3) outer hair cell electromotility was above 10 127 nm per 100 µA current. 128
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Results

129
Fine OCT imaging helps to discern tissue status 130 Our ex vivo preparation combined with OCT provided high resolution imaging of OoC micro structures. 131
The image signal was stronger for the reticular lamina, outer hair cells, pillar cells, Hensen's cells, basilar 132 membrane fiber layers, and the bottom layer of tectorial membrane, while it was weaker in Deiters' 133 cells and the body of the tectorial membrane ( Fig. 2A ). Micrometer-level anatomical characteristics 134 could be effectively resolved including the gaps between the three rows of outer hair cells, the sub-135 tectorial space and nerve fibers passing through the tunnel of Corti. Such resolution enabled us to 136 observe the deformation of individual outer hair cells throughout the experiment. These images were 137 helpful in monitoring the status of the preparation, especially when the tissue was deformed due to 138 stress or damage. For example, as outer hair cells swelled, they shrank along their length, and the 139 reticular lamina deflected downward, while the Hensen's cell outside the third-row outer hair cell 140 bulged upward. As this deformation progressed, the tectorial membrane became detached from the 141
OoC at its lateral extreme. When outer hair cells had smooth texture and distinct boundaries, their 142 motility was good. In contrast, a granular texture and blurry boundaries of the outer hair cells were 143 associated with a loss in electromotility. The micro-mechanics seemed local: Even if a radial section 144
showed swollen outer hair cells with little electromotility, the outer hair cells in other sections of the 145 same preparation could be in good shape with strong electromotility. In our preparation, the basilar 146 membrane was tilted between 20 and 30 degrees from the horizontal line ( Fig. 2A ). In this orientation, 147 the outer hair cells were roughly aligned to the optical axis which was helpful in measuring their length 148 Two vibration patterns 150 Vibration measurements were made from regions 7 to 9 mm from the basal end of the gerbil cochlea, 151 which corresponds to the frequency range of 1-3 kHz. Note that our excised preparation compromises 152 natural mechanical and electrical boundary conditions including the pressure delivery along the length 153 of the scalae. Therefore, instead of examining the relationship between input stimulation and tissue 154 vibration, we analyzed the relative motion between micro-structures within the OoC. Similar to other 155 studies (15, 18, 24), the reticular lamina and the basilar membrane were chosen for analysis, because 156
they represent the top and bottom of the OoC, and because the optical signal was stronger at these 157 locations. We elected to use a calcium level of 0.1 mM in the upper chamber (scala media space), which 158 is higher than reported physiological levels. This choice was a compromise between two considerations: 159
to decrease the mechano-transduction current with higher than physiological calcium-level (25) so that 160
we could better separate the mechanical and electrical responses, and to maintain the shape of the 161 tectorial membrane with a calcium-level not too far from physiological conditions (26). 162
Vibration patterns due to mechanical and electrical stimulations were distinctly different ( Spatial patterns of OoC vibration were also different in response to the two types of stimulation ( Fig. 3) . 176 These plots were obtained from 50 and 40 scan lines across the radial span of the OoC for mechanical-177
and electrical-stimulation cases, respectively, corresponding to a spacing of 3.0 and 3.6 µm between 178 scan lines. For each scan, a sinusoidal stimulation (20 ms ramp time and 100 cycles at plateau) was 179 applied and the resulting vibrations were measured. Data pixels with signal-to-noise ratios > 8 dB are 180
represented with colored dots. Mechanical vibration patterns show that the vibration amplitude is 181 greater in the middle of the OoC and decreases toward the lateral edges (Fig. 3A ). This pattern reflects 182 the anatomy where ligaments hold the medial and lateral ends of the basilar membrane. The peak 183 displacement (the brightest spot in the amplitude plot) occurred near the joint between arcuate and 184 pectinate zones of the basilar membrane and at the center of the OoC near the outer hair cells, in 185 agreement with previous observations (17, 27). When the focal plane was at the level of the outer hair 186 greater motility for the first-and second-row cells versus the third-row cell was observed in majority of 194 cases ( Fig. 4A and B) . Despite such observations, we cannot exclude potential experimental artifacts 195 such as faster deterioration of the third-row outer hair cells. 196 Outer hair cell's electromotility 197 The electromotility of outer hair cells was defined as a length change in the cell body per transepithelial 198 current. The electrical resistance between endolymphatic and perilymphatic electrodes was about 5 kΩ. 199
The first measurements of individual preparations were made typically 1.25 hours after cochlear 200 isolation. The time-course of outer hair cell electromotility decay varied across preparations (Fig. 4A ). 201
This variation is ascribed to different factors including the extent of surgical insults, chemical conditions, 202 different measurement locations, and level of stimulation. In most cases, motility was greater than 100 203 nm/mA for 3 hours or longer. Larger and longer electrical stimulations tended to exhaust the 204 preparation quicker, while modest level of mechanical stimulation (peak displacement at the reticular 205 lamina < 100 nm) did not appear to affect tissue conditions. The motility of individual hair cells is 206 presented in Fig. 4A . When analyzed for early hour groups (within one hour from measurement onset), 207
the third-row outer hair cells had smaller motility compared to the other rows (Fig. 4B) . This difference 208 may be attributed in part to the trend for quicker swelling of the third-row outer hair cell. Considering 209 the trend of motility decay over time (lines in Fig. 4A ), the electromotility of outer hair cells from our 210 measurement location (8 mm from the basal end of the gerbil cochlea) is expected to be greater than 211 1000 nm/mA. In Fig. 4C , each data point represents the average motility of measurable outer hair cells 212 within observed radial section (mostly outer hair cell row 1 or 2). Na-salicylate, a blocker of outer hair 213 cell electromotility (28) , reduced the motility (Fig. 4D) . In a case with 15 minutes of exposure to 10 mM 214
Na-salicylate (□), the motility decreased quickly (>90 percent drop within an hour) and did not recover. 215
In another trial (•), the tissue sample was subjected to Na-salicylate at three 2-minute exposures with 216 30-minute intervals. After the first application the motility reduced by 80 % and then recovered to the 217 half of the pre-treatment motility. In subsequent applications, however, both inhibition and recovery 218 were smaller. The outer hair cell's electromotility decreased by less than an order of magnitude as 219 stimulating frequency increased from 200 to 3200 Hz ( Fig. 4E and F) they estimated outer hair cell length changes from the differential motion between the reticular lamina 229 and basilar membrane. In their study, outer hair cells in basal locations (Characteristic frequency, CF = 230 20 kHz) of the gerbil cochlea deformed up to a few nanometers. Regarding the Na-salicylate treatment, 231 a previous study showed 50 % of reduction in outer hair cell motility after 5 minutes application of 10 232 mM Na-salicylate and the motility was fully recovered within minutes (32). 233 234 Mechanical and electrical stimulation were applied simultaneously to observe how vibrations due to 235 different sources interact (Fig. 5) . A modest level of stimulation was applied to minimize quick 236 exhaustion of the tissue. The chosen response level (10-30 nm vibration amplitude at the reticular 237 lamina) is within the physiological range (e.g., (33)), and well above the noise floor of our measurements. 238
Vibrations due to simultaneous stimulation
Three different phases between the mechanical and electrical stimulation were tested (φ ME = 0, 90 and 239 180 degrees). Reflecting the phase variation in the horizontal direction of the electrically-stimulated 240 case, the spatial pattern of vibration amplitude was affected by φ ME . Among the three measured cases 241 (φ ME = 0, 90, and 180 degrees, Fig. 5 ), when φ ME = 0, the reticular lamina vibrated least. When φ ME = 180 242 The interaction between vibrations due to the different stimulating methods was investigated further. 245 The OoC vibrations were measured at 12 different phases between mechanical and electrical 246 stimulations (φ ME = 0, 30, 60, ···, 360 degrees) for nine different frequencies between 0.3 and 1.5 kHz 247 (Fig. 6 ). To decide on the level of the two stimulations, frequency responses due to mechanical or 248 electrical stimulation alone were measured (columns A and B). When the stimulating port was vibrated 249
with the same amplitude (mechanical stimulations), the OoC vibration peaked at 0.8 kHz, and the phase 250 between the stimulation and the tissue vibration changed by 0.5-1 cycle over the test frequency range. 251
For electrical stimulation, the reticular lamina response was relatively flat over the tested frequency 252 range while the basilar membrane response decayed as the frequency increased. Then, mechanical and 253 electrical stimulation were applied simultaneously. When one stimulation overwhelms the other, it is 254 not ideal to observe interactions between the two vibration patterns. Therefore, we adjusted the levels 255
of mechanical stimulation so that the reticula laminar vibrated 10 nm across the frequency range. When 256 this equalized mechanical stimulation and the electrical stimulation were applied simultaneously, a 257 vibration amplitude of ~20 nm was expected (10 nm from each stimulations). 258
There existed a specific value of φ ME at which the resulting response due to simultaneous stimulations 259 was constructive or destructive (add up, or cancel each other, Fig. 6C ). As expected from the summation 260 of two sinusoidal curves, the constructive φ ME is 180 degrees apart from the destructive φ ME . The 261 vibration amplitudes were obtained at different φ ME 's, while other conditions including measurement 262 Normalized vibration amplitude at the reticular lamina (RL, ○) and basilar membrane (BM, □) for different φ ME values. Results at three frequencies are shown. The constructive φ ME is defined at the peak of fitted sinusoidal curve (arrows). (E) Constructive φ ME versus stimulating frequency for the reticular lamina and the basilar membrane. The filled and void symbols represent two sets of data obtained from different locations of a preparation.
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The constructive φ ME varies over stimulating frequency (Fig. 6E ). As was implicated in Figs. 5 and 3B, the 265 interaction was not uniform across the OoC. For the case presented in Fig. 6 , the reticular lamina and 266 basilar membrane had similar constructive φ ME near 1.2 kHz, or both the top and bottom surfaces of the 267
OoC will constructively respond when stimulated with φ ME ≈ -150 degrees at 1.2 kHz. On the contrary, at 268 0.3 kHz, constructive φ ME of the reticular lamina and the basilar membrane are approximately 180 269 degrees apart. That is, at 0.3 kHz, when one side of the OoC is under constructive interaction, the other 270 side of the OoC will be under destructive interaction. 271
Different modes of interaction between mechanically and electrically-evoked OoC vibrations can affect 272
frequency selection at a cochlear location. An example of frequency selection through constructive and 273 destructive interaction is demonstrated in Fig. 7 . Two φ ME values were chosen that were 180 degrees 274 apart (-120 and 60 degrees). Due to interactions between the two stimulations, the vibration amplitude 275 of the reticular lamina varied between 10 and 30 nm depending on frequency (top panel of Fig. 7A ). 276
Near 0.8 kHz, the constructive and destructive interaction contrasted most prominently. The difference 277 between the two curves (φ ME = -120 and 60 degrees) is reminiscent of a tuning curve (bottom panel of 278 Fig. 7A ). Consistent with the difference between the reticular lamina and the basilar membrane 279 responses in Fig. 6B , the frequency responses measured at the two locations were different. That is, a 280 condition that amplifies the reticular vibration could suppress the basilar membrane vibrations. 281 uniform amplification over frequency (Fig. 8C) will not enhance frequency tuning. Therefore, the 284 prevailing view on cochlear tuning is that the active feedback from the outer hair cells selectively 285 amplifies vibrations at the best frequency, specific to a location (34, 35). The mechanism of this selective 286 amplification has been a central theme in hearing research. In theory, an actuator in a vibrating system 287 could be used for either amplification or suppression, if the timing of actuation varies depending on 288 frequency. The outer hair cells can operate more proactively for frequency tuning by using both 289 amplification and suppression depending on frequency (Fig. 8D ). In the intact cochlea, it is not trivial to 290 manipulate or estimate the timing of actuation (i.e., outer hair cell motility) because passive and active 291 responses are coupled together to form a feedback loop. 292
In this study, we varied the timing of outer hair cell actuation to examine the idea of destructive 293 interaction between two vibration patterns ( Figs. 6 and 7) . Before testing the interactions, we 294 characterized the two vibration patterns independently to determine how the OoC vibrates when it is 295 mechanically or electrically stimulated. When mechanically stimulated (passive, Fig. 8A ), the vibration 296 pattern was in line with the classical understanding of OoC kinematics. That is, the entire OoC vibrated 297 in phase, and the maximum displacement occurred near the location of the outer hair cells and Deiters' 298 cells (Fig. 3A) . Relative motion between the top and the bottom surface of OoC remained the same over 299 the tested frequency range (Fig. 2) . In contrast, when electrically stimulated (active, Fig. 8B ), OoC micro-300 structures vibrated out-of-phase (Fig. 3B ). Our observed electrical responses compare better with 301 previous measurements with sensitive (active) cochleae that showed the phase difference between the 302 top and the bottom sides of the OoC (15, 18, 24 ). In addition to phase variation along the depth of the 303
OoC, our results show apparent phase variation along the radial direction (Fig. 3B ). We demonstrated 304 that, depending on the timing (phase) of actuations, there can be either constructive or destructive 305
interactions between the two vibration modes (Fig. 7) . If the actuation timing varies over the frequency, 306 there can be constructive or destructive interactions depending on stimulating frequency. Such 307 constructive or destructive interaction could enhance cochlear tuning (Fig. 8D) . 308
It should be reminded that this study is focused on micromechanical aspects, as opposed to 309 macromechanics such as traveling waves. For example, we did not observe a clear sign of traveling 310 waves or tonotopy over the exposed section of cochlear coil. The transfer function in Fig. 7A may reflect  311 artifacts such as wide opening of the scalae and micro-chamber geometry. Physiological characteristic 312 frequency of the tested location is 1.5 kHz, which is different from our nominal characteristic frequency 313 of 0.8 kHz. As a result, our approach cannot be used to estimate physiological tuning quality. With that 314 said, we showed an example of destructive interaction under controlled conditions. To better observe 315 the interaction between vibrations due to different stimulation types, stimulation levels were chosen so 316 that two types of stimulation resulted in similar vibration amplitude. This condition may represent the 317 situations when there is minimal amplification. That is, the results in Fig. 7 may be better compared with 318 the responses in the tail region of traveling waves in natural cochlea. 319
The destructive interaction may occur under physiological conditions, considering that the timing of 320 outer hair cell actuation varies over frequency. For example, the phase between the reticular lamina and 321 the basilar membrane varies over frequency (15, 16, 36 ). Ren and his colleagues have discussed the idea 322 of constructive interaction based on the phase difference between the reticular lamina and the basilar 323 membrane (18). Our measurements ( Fig. 5 ) are in line with their view-"in-phase vibrations of the 324 reticular lamina and basilar membrane result in constructive interference". Dong and Olson (37) showed 325 that the phase between the extracellular potential near the outer hair cells with respect to the basilar 326 membrane motion varies over frequency exceeding 90 degrees. It was argued that the phase shift over 327 90 degrees is an indication of selective amplification (38). Our argument of tuning shares similar 328 reasoning as Olson and her colleagues in that outer hair cell motility away from the best-responding 329 location does not amplify. 330
New experimental attempts were made in this study to better observe OoC mechanics. It may be 331 worthy to discuss the opportunities and challenges of our approach. First, the micro-chamber was 332 designed to stimulate isolated cochlear tissue both acoustically and electrically. Previous studies using 333 micro-chambers were referred to, including Chan has not been measured before. This was achieved by combining OCT imaging with our microchamber 343 preparation. Compared to the laser interferometry that has long been the gold standard in cochlear 344 vibration measurements, OCT was shown to be efficient in scanning vibrations over a cross-section or a 345 volume of cochlear tissue (19, 24). We achieved an enhanced spatial resolution as compared to existing 346 studies thanks to the removal of bones along the optical path and incorporation of a higher numerical 347 aperture objective (N.A. of 0.4). 348
There are aspects that have not been fully exploited regarding our experimental approach. First, we did 349 not take advantage of the electro-chemical separation across the OoC. Although we have tested both 350 perilymph-perilymph and endolymph-perilymph conditions, we are not ready to discuss the effects of 351 different chemical conditions, primarily due to the lack of acquired data. measuring OoC vibration patterns due to different types of stimulation. The other aspect that will be 360 helpful but was not implemented in this work is vibration measurement in different directions. For 361 example, the vibrations were measured along one optical axis. We chose the direction approximately 362
parallel to the length of the outer hair cell. As a result, the basilar membrane was tilted about 30 363 degrees from the optical plane. Had we measured at different orientations of the preparation, we could 364 have distinguished radial and transverse vibrations as was done by Lee et al. (36) . The radial and 365 longitudinal motions at the base of the outer hair cell were shown to be significant when the OoC was 366 electrically stimulated (22, 30) . This study presents the displacement along the axis of the outer hair cell, 367
which is closer to the transverse rather than radial axis. 368
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Figure Captions
